INTRODUCTION
============

RecQ helicases are a subgroup of DNA helicases that are highly conserved from bacteria to man. The family ofRecQ helicases is named after the *recQ* gene of *Escherichia coli* and has the activity of unwinding DNA in the 3′--5′ direction in relation to the DNA strand in which the enzyme is bound. There are at least five homologs in humans, three of which are associated with genetic diseases. The *BLM*, *WRN* and *RECQL4* genes are mutated in Bloom\'s syndrome (BS), Werner\'s syndrome (WS) and Rothmund--Thomson syndrome (RTS), all autosomal recessive disorders. At the cellular level each of these human syndromes exhibit genomic instability that leads ultimately to cancer. However, they also have distinct phenotypes such as infertility and immunological abnormalities for BS, premature aging for WS and skin and skeleton abnormalities for RTS. For a detailed review of RecQ helicases in humans and the disorders associated with their deficiencies we refer readers to other recent review articles ([@b1]--[@b3]).

Helicase catalyzed strand separation is generally coupled to ATP hydrolysis, and most helicases contain the conserved Walker A and B ATP-binding motifs. To date the RecQ family from all organisms can be distinguished from other helicases not only by its 400 amino acid helicase domain, but also by the presence of additional conserved regions, the RQC and HRDC domains ([Figure 1](#fig1){ref-type="fig"}). The RQC domain is unique to RecQ helicases, while the HRDC domain has also been found in nucleases and is likely involved in binding nucleic acid substrates \[for a review see ([@b4])\]. The WRN protein and its homolog in *Xenopus laevis* also contain a conserved 3′--5′ exonuclease domain near the N-terminus ([Figure 1](#fig1){ref-type="fig"}). Functional conservation has been demonstrated within the RecQ family by the ectopic expression of either human BLM or WRN protein partially rescuing elevated rates of spontaneous and illegitimate recombination in budding yeast cells lacking Sgs1. However, complementation of both HU sensitivity and reduced lifespan can only be achieved by the BLM protein, not the WRN protein ([@b5],[@b6]).

BLM helicase interacts biochemically with DNA topoisomerase III a type IA enzyme that unlinks single-stranded catenanes ([@b7]) and the two proteins co-localize in discrete foci in mammalian cells ([@b8]). This interaction is conserved in both budding and fission yeast where the N-terminal domain in either Sgs1 or Rqh1 is important for Top3 interaction ([@b9]--[@b11]). In *Saccharomyces cerevisae* a *TOP3* disruption shows a very pronounced slow growth phenotype, and loss of Sgs1 function suppresses this, giving the helicase its name (slow growth suppressor) ([@b12]). The phenotype ismore severe in both *Mus musculus* and *Schizosaccharomyces pombe* where the deletion of *TOPOIII* α or *top3*^+^ is lethal, yet viability is restored when coupled with either the deletion of the fission yeast *rqh1*^+^ or a mutation of its helicase activity (*rqh1^K547I^*) ([@b13],[@b14]). The reason why the presence of Sgs1 without Top3 is so detrimental is not clear, but it is possible that Sgs1 dependent structures form and cannot be resolved by any other topoisomerase or cleavage enzyme. The conserved RecQ--Top3 complex is thought to suppress hyper-recombination by resolving strand-exchange structures at the replication fork in a manner that re-establishes functional forks rather than generating a truncated chromosome. This will be examined in more detail below.

Despite the high level of conservation among RecQ helicases, genes encoding these enzymes are generally not essential for cell viability. Biochemical data suggest that RecQ helicase processivity and substrate specificity are very atypical among helicases. RecQ helicases catalyze little or no unwinding of duplexed DNA from blunt ends, from internal nicks, or from partial duplex molecules with single-stranded 3′--5′ tails *in vitro* ([@b15]--[@b19]). They do however unwind substrates that have bubbles internally inserted into blunt-ended duplexed DNA, and both BLM and WRN enzymes efficiently unwind synthetic X-junctions that resemble Holliday junction intermediates and G-quadruplex DNA ([@b20]--[@b22]). *Drosophila* RECQ5 helicase and budding yeast Sgs1 can disrupt synthetic 3- and 4-way junctions ([@b23],[@b24]), substrates resembling both Holliday junction (HJ) recombination intermediates and structures formed at stalled replication forks ([@b25]). Indeed, RecQ helicases have been implicated in many cellular capacities where these types of DNA substrates arise including the process of replication, double-strand break (DSB) repair, recombination and telomere maintenance.

In the following review we will focus primarily on RecQ helicases in simple organisms during S phase of the cell cycle where a vast amount of both biochemical and genetic data will be interpreted in the context of DNA replication. For this reason we will not discuss specifically their role in telomere preservation, although it should not be excluded that some of the replication functions are used in the context of telomere replication. The difference is that the outcome of strand exchange can be very different at a telomere than at an internal sequence. In contrast to the human homologs which have been directly implicated in telomere maintenance \[see reviews ([@b1]--[@b3])\], RecQ in budding yeast is likely to have a less important role than its mammalian counterpart, owing to the lack of simple repeat at telomeric ends. Here we will summarize studies from both budding and fission yeast which have been extremely valuable in understanding the roles of RecQ helicases during the process of replication particularly at the molecular level and also studies from *Caenorhabditis elegans* which have proven to be beneficial for understanding RecQ-deficient phenotypes in multicellular organisms (phenotype summary, [Table 1](#tbl1){ref-type="table"}).

RECQ HELICASES: CHECKPOINT ACTIVITY AND REPLICATION FORK PRESERVATION
=====================================================================

DNA replication does not proceed normally in the absence of a functional RecQ helicase. Human cells lacking functional WRN or BLM proteins accumulate aberrant replication intermediates ([@b26],[@b27]). Similar to BLM protein in man, the intracellular levels of Sgs1 in *S.cerevisiae* are cell-cycle regulated. Sgs1 levels are low in late metaphase and G~1~-phase cells but the protein is found in bright intra-nuclear foci during S phase, where they co-localize with the origin recognition complex and newly synthesized DNA ([@b28]). This is particularly pronounced when cells are synchronized by an arrest and release from mitosis. Chromatin immunoprecipitation experiments have shown that Sgs1 is at replication forks both in the presence and absence of exogenous damage ([@b29]), and studies using DNA combing techniques indicate that Sgs1 modulates replication fork progression even without exogenous damage ([@b30]). Thus, there is ample evidence indicating that RecQ helicases play a number of roles during replication including the maintenance of replication forks during 'normal' S-phase progression.

During replication of the genome the Watson--Crick DNA strands are separated, greatly enhancing the vulnerability of the genome to irreparable loss of genetic information. Cells have evolved a network of response pathways called checkpoints to deal with DNA damage and replication defects, and the intra-S checkpoint reacts to DNA damage that occurs during S phase ([@b31],[@b32]). Through a cascade of events this checkpoint blocks late replication origins from firing, promotes the repair of damaged DNA, and helps to reinitiate replication once repair has been achieved ([@b31]). RecQ helicases are linked to the S phase checkpoint and in budding yeast cells lacking Sgs1 extend spindles in HU and are partially defective in slowing progression through S-phase in MMS ([@b28]), both phenotypes that correlate with a compromised checkpoint response.

Central to the activation of the intra-S-phase checkpoint are ATM-related kinases (Mec1) and the downstream kinase CHK2 (Rad53 in budding yeast). Mec1-dependent phosphorylation of Rad53 occurs in response to strand breaks that arise from replication fork collision with MMS-induced alkylation or in response to fork stalling by high concentrations of HU \[reviewed in ([@b33])\]. Although Rad53 can be activated through a parallel pathway involving Rad24 and the 9-1-1 complex (Rad17, Ddc1 and Mec3 in budding yeast), in the absence of Rad24, Sgs1 is essential for Rad53 kinase activation in response to stalled forks. Suprisingly, however, this function does not require Sgs1\'s helicase activity, Rad51 or Top3 ([@b28],[@b34]).

This role in checkpoint activation is likely attributed to the physical interaction between Sgs1 and the checkpoint kinase Rad53, which has been mapped to the helicase domain of Sgs1 and the FHA1 domain of Rad53 ([@b34]). Consistent with this, *in vivo* studies have shown that mutation of the Rad53 FHA1 domain compromises its ability to respond to replication fork arrest but is not required for the G2/M Rad9-dependent damage response, which requires the FHA2 domain in Rad53 ([@b35]). Additionally, the Claspin protein homolog *Sc*Mrc1 was shown to be essential for Rad53 activation, specifically in response to stalled forks ([@b36],[@b37]). It has been determined that Sgs1 and Mrc1 are genetically in the same epistasis pathway for Rad53 activation ([@b34]), suggesting a model where Sgs1 helps recruit Rad53 through direct interactions with the replication fork ([@b29]), facilitating its activation by Mrc1 ([@b34]).

RecQ helicases are not only involved in intra-S checkpoint activation *per se* but likely have a direct function in providing replication fork stability. Replication fork stability is an active process that prevents fork collapse, whereby the replisome and fork are maintained in a competent state to resume replication once the stress is alleviated. Full DNA polymerase α and ɛ association with a stalled fork requires the helicase activity of Sgs1 and its interaction with Top3 ([@b34]). Moreover, Mec1 the upstream activator of Rad53 is also necessary for stabilizing DNA polymerases at stalled forks ([@b38]). Using a partial loss of function mutant *mec1*-100 it was demonstrated that Mec1 and Sgs1 contribute to fork stability in an additive fashion, and that the loss of Mec1 is highly synergistic with a disruption in Sgs1 for spontaneous gross chromosomal rearrangements (GCRs) ([@b39]). There is a genetic interaction between Sgs1 and Mec1, one which correlates DNA polymerase stability with the suppression of chromosomal breaks. The extensive fork defects observed in cells deficient for both Mec1 and Sgs1 also coincides with the rapid loss of replication protein A (RPA) from HU stalled forks ([@b39]). Since RPA promotes the initiation of primer synthesis by DNA polα/primase it is possible that both the Mec1 and the Sgs1 pathways for stabilizing the replisome converge on RPA, which itself is a target of checkpoint kinase modification \[reviewed in ([@b40])\].

The function of Sgs1 in preserving replisome maintenance could be via more than one mechanism. It has been proposed many times that Sgs1 could reverse or prevent nascent strands from pairing with one another as in the proposed chicken-foot structure which appears to occur at sites of stalled replication ([Figure 2C](#fig2){ref-type="fig"}) ([@b25]). This is a known *in vitro* substrate for Sgs1 and if it is processed *in vivo* the reaction would likely be a rapid because the levels of fork associated RPA do not change dramatically in *sgs1* single mutant cells during HU treatment ([@b38]). Furthermore, to account for the loss of DNA polymerases at stalled forks in *sgs1* cells in has been proposed that Sgs1 could stabilize a particular conformation of RPA, notably the conformation that promotes DNA polα loading ([@b40],[@b41]). This function of Sgs1 could be important for maintaining polymerases at forks until the block has been removed, or for reloading the polymerases after the resolution of the chicken-foot structure ([Figure 2D](#fig2){ref-type="fig"}).

RecQ helicase in fission yeast probably plays a similar role during the process of DNA replication because in the absence of Rqh1 chromosomal rearrangements stemming from blocked replication forks increase dramatically ([@b42]). Rqh1 has been proposed to help protect the fork in different ways, either by directly providing stability to the replisome components at blocked forks as shown in *S.cerevisae*, or by unwinding DNA junctions that might otherwise be cleaved by an endonuclease ([@b9]). Cells lacking Rqh1 are also defective in recovery from S-phase arrest when exposed to HU ([@b43]), and the interaction between the N-terminus of Rqh1 and Top3 is important for this recovery ([@b9]). Interestingly, following HU exposure the survival of *rqh1*^−^ helicase dead cells was enhanced compared to cells carrying a full disruption of *rqh1*^+^, suggesting that some functions are independent of its helicase activity ([@b44]). In contrast to *sgs1* cells in budding yeast, *rqh1*^−^ cells are able to fully arrest the cell cycle following HU treatment. Thus, rather than a direct role in the checkpoint response it has been proposed that Rqh1 may be involved in the resumption of growth following genomic insult, perhaps in a pathway that allows the replication fork to bypass DNA damage ([@b45]). Uniquely, it was shown that most *rqh1*^−^ cells enter mitosis with dynamics similar to wild type yet become delayed in anaphase progression, a phenotype dependent on the spindle checkpoint ([@b46]).

In *C.elegans* loss of function mutations in the BLM helicase ortholog HIM-6 result in a partially defective cell-cycle arrest phenotype in response to HU treatment ([@b47]). When *him-6* worms were grown on plates containing HU they showed an elevated number of mitotic germ cells. This is in contrast to wild type where cells transiently stop dividing in response to HU, but similar to S-phase checkpoint-defective cells which continue to proliferate ([@b48],[@b49]). Moreover, in *C.elegans him-6* mutants show phenotypic signs of genomic instability including a mutator phenotype, GCRs such as random insertions and deletions, and germ line apoptosis. It has been suggested that genomic instability can adversely affect longevity and defects in the *him-6* mutant show a shortened lifespan ([@b50]). Interestingly, the genetic interactions for *him-6, rad-51* and *top-3* differ from those observed in the orthologs in both yeasts. In *C.elegans top*-*3* (RNAi); *him-6* mutants display synergistic defects, suggesting that *him-6* and *top-3* act on partially redundant pathways downstream of *rad-51* to prevent the accumulation of recombination intermediates that occur as a consequence of mishaps during replication ([@b47]).

The WRN helicase ortholog in *C.elegans* is WRN-1. It is also implicated in the DNA damage checkpoint and similar to *him-6* mutants *wrn*-1 (RNAi) strains show a shortened lifespan ([@b51]). When treating gonads with HU to interrupt DNA synthesis WRN-1 protein was required to activate the S-phase checkpoint in germ cells ([@b51]). Furthermore, in the early stages of development S-phase is accelerated in the *wrn-1* (RNAi) strain, a phenotype similar to that observed by disrupting the DNA replication checkpoint by *chk-1* (RNAi). It has been suggested that WRN-1 works genetically on a pathway with CHK-1 because double RNAi of *wrn-1* and *chk-1* is very similar to single RNAi of *chk-1* ([@b51]). Although these studies are indirect in nature they do suggest that a role for RecQ helicases in checkpoint activation is maintained in multicellular organisms.

RECQ: ROLES IN RECOMBINATION AND PROCESSING STALLED FORKS
=========================================================

The DNA replisome frequently encounters DNA lesions, stable secondary structures and DNA-bound protein complexes such as transcription factors, which will stall the replication fork. Stalled replication forks are sites of homologous recombination (HR) ([@b52]--[@b54]), where this process is required to repair double-strand breaks and restart collapsed forks. Although HR is essential for the preservation of genome integrity there are pathological situations in which excessive HR can destabilize the genome. Therefore, tight and controlled HR at sites of replication is absolutely required. Given its location and substrate preference it is not surprising that there is a direct link between the RecQ helicases and HR resolution at stalled forks. Indeed of more direct character is the observation that Sgs1, such as human BLM protein, shows a physical interaction with the Rad51 recombinase ([@b55]). The role of Sgs1 in recombination presumably also involves its binding partner Top3, since *top3* homozygous diploids are not capable of going through meiosis unless meiotic recombination is prevented ([@b56]). Here we discuss the involvement of the Sgs1--Top3 complex in HR, focusing on the genetic interactions which are relatively well defined in yeast compared to man.

Several synthetic lethal screens have identified genes acting in parallel or epistatic with *SGS1* ([@b57],[@b58]). The colethality of many of these interactions can be suppressed by eliminating HR, suggesting that a significant fraction of *sgs1* phenotypes can be attributed to events downstream of HR.

Sgs1 has a Rad51-dependent synthetic lethality with two helicases, the 3′--5′ DNA helicase Srs2 and also with the 5′--3′ DNA helicase Rrm3 ([@b59]--[@b61]). Similar to *sgs1* mutants, *srs2* mutants display a hyper-recombination phenotype, which lends support to the notion that *SRS2* negatively regulates HR ([@b62]). Using yeast two-hybrid and biochemical assays, Srs2 was shown to physically interact with Rad51 like Sgs1 ([@b63]). Biochemical analyses and electron microscopy showed that Srs2 efficiently disrupts the presynaptic filament formed by Rad51p, thereby releasing ssDNA which is immediately sequestered by RPA to prevent re-nucleation of Rad51 ([@b63],[@b64]). Furthermore, *in vivo* data revealed that Srs2 suppresses crossover events during DSB repair in mitotic cells ([@b65]). From this it was suggested that Srs2 channels recombination intermediates into the synthesis-dependent strand-annealing pathway (SDSA) during DSB repair, thereby reducing unwanted crossover events ([Figure 3A](#fig3){ref-type="fig"}, \[1\]). The Sgs1--Top3 complex also suppresses crossover events during DSB repair ([@b65]), however, by a different mechanism than Srs2. Wu and Hickson ([@b66]) showed that Sgs1--Top3 can work on preformed double Holliday Junction substrates and resolve these into non-crossover products ([Figure 3A](#fig3){ref-type="fig"}, \[2\]). The *sgs1srs2* synthetic phenotype is therefore likely to be a consequence of an accumulation of recombination structures that cannot be resolved in the absence of these helicases or which resolution leads to extensive reciprocal exchange events. This also nicely explains why deletion of not only *RAD51*, but also *RAD52, RAD55* or *RAD57* suppresses the *sgs1 srs2* phenotype ([@b59]).

*S.pombe* cells also display severe growth defects upon deletion of *rqh1*^−^ and *srs2*^−^, however, so far it is unclear whether inactivation of HR suppresses this growth defect since contradictory results have been reported previously ([@b67],[@b68]). Similar to Sgs1, Rqh1 in fission yeast likely plays a similar role in the processing of recombination intermediates, although it remains to be verified if the Rqh1--Top3 complex works to resolve and suppress crossover events in the cell. In the absence of Rqh1 there is a remarkable increase in the rate of HR structures and failure to properly segregate their chromosomes following replication arrest ([@b43],[@b69]). This defect might be a direct consequence of aberrant recombination arising during DNA replication. In support of this notion, it was shown that overexpression of a *E.coli* Holliday junction resolvase partially suppressed the UV and HU hypersensitivity as well as aberrant mitosis in *rqh1*^−^ cells ([@b69]).

Rrm3 promotes fork progression past non-nucleosomal protein--DNA complexes, and its absence leads to increased fork stalling and breakage at specific sites located throughout the *S.cerevisiae* genome ([@b61]). It has been suggested that paused or broken forks created in the absence of Rrm3 are processed by Rad51 into intermediates which become toxic for the cell in the absence of a functional Sgs1--Top3 complex, explaining why elimination of HR suppress this genetic interaction. A synthetic lethal interaction between *rrm3* and *srs2* has also been reported previously ([@b60]) which is probably due to the fact that Srs2p limits the number of toxic intermediates by disrupting Rad51 filaments. In the absence of Srs2 more recombination intermediates accumulate and the activity of Sgs1--Top3 is likely no longer sufficient for the cell. This indicates that when cells encounter massive replication stalling and consequently more breakage, both *SRS2* and *SGS1/TOP3* pathways are needed for survival.

Several *slx* mutants that require *SGS1* for viability have also been identified previously ([@b57]). They fall into three phenotypic classes: *MMS4* and *MUS81, SLX1* and *SLX4*, and *SLX5* and *SLX8*, and these gene pairs have been suggested to work as heterodimeric complexes. Interestingly, only the synthetic lethal interaction between *sgs1* and the *mms4*--*mus81* gene pair is suppressed by eliminating HR ([@b70]), indicating that Mus81--Mms4 are part of an alternative pathway to Sgs1 for the processing of recombination intermediates. Mutations in *mus81--mms4* confer sensitivity to camptothecin (CPT), a compound known to produce replication-dependent DSBs ([@b71]). This sensitivity to CPT is shared by *sgs1--top3* mutants and also with the corresponding *S.pombe* mutants ([@b72]). Taken together this suggests that *SGS1--TOP3* and *MUS81--MMS4* work on parallel pathways in order to process recombination intermediates that form downstream of collapsed replication forks ([Figure 3A](#fig3){ref-type="fig"}). Mus81--Mms4 has been characterized as a structure-specific endonuclease with equal affinity for either duplex DNA with a 3′ssDNA branch or completely duplex Y-form (a replication fork) ([@b73]). Upon replication fork breakdown strand invasion intermediates will arise and these can be processed by different pathways. If the invading strand switches template, a double HJ (dHJ) structure is generated and it has been suggested that Mus81-Mms4 is able to resolve these by cleavage creating gene conversion products either with or without crossover event ([Figure 3A](#fig3){ref-type="fig"}, \[3\]). In this scenario Sgs1--Top3 works on a parallel pathway, where branch migration and subsequent decatenation leads to dissolution of the dHJ with no reciprocal exchange ([Figure 3A](#fig3){ref-type="fig"}, \[2\]). Homologs of *MUS81*--*MMS4* genes have been identified in other eukaryotes, including humans ([@b74],[@b75]), and like the case in *S.cerevisiae*, double mutants of *rqh1*^−^ and *mus81*^−^ are inviable in *S.pombe* ([@b76]).

Similar to Mus81--Mms4, the Slx1--Slx4 complex also acts as a structure-specific endonuclease which is active on branched structures such as simple-Y, 5′-flap and replication fork structures ([@b77]). It has been shown that *slx4* strains carrying temperature-sensitive alleles of *SGS1* encounter problems in the rDNA at the restrictive temperature ([@b78]). Pulsed-field gel electrophoresis revealed that chromosome XII was altered and failed to enter the gel after S-phase progression, a defect which reflects incompletely replicated chromosomes ([@b79]). However, bulk DNA synthesis was not affected under these conditions, suggesting that the redundant function between Slx1--Slx4 and Sgs1--Top3 is restricted to the nucleolus. At the rDNA locus Sgs1--Top3 could be engaged at the termination of rDNA replication to decatenate stalled forks, and in the absence of Sgs1--Top3, Slx1--Slx4 might cleave these stalled forks ([Figure 3B](#fig3){ref-type="fig"}). This model is consistent with the idea that Sgs1--Top3 and Slx1--Slx4 appear to intersect upstream of HR, since the synthetic lethality of *sgs1 slx1* and *sgs1slx4* is not suppressed by eliminating HR ([@b70]). Furthermore, processing of stalled replication forks in the rDNA by Slx1--Slx4 would create a DSB, which in the rDNA can be repaired by *RAD52*-independent single-strand annealing ([@b80]). Further evidence that Sgs1--Top3 plays a role at the rDNA locus comes from observations on high rates of recombination at the rDNA in *sgs1* and *top3* strains ([@b10],[@b81]). Interestingly, throughout much of the genome replication forks move more rapidly in the absence of Sgs1, yet replication is strongly retarded within the rDNA locus, suggestive of more extensive replication fork stalling in this locus that require functional Sgs1--Top3 ([@b30]). This stalling is probably associated with the replication fork barriers (RFB), which block replication from moving into the rDNA repeat in a direction opposite that of rDNA transcription when the Fob1 is bound to the RFB sequence ([@b82],[@b83]). It has also been suggested that *rqh1*^−^ phenotypes arise partially from defects in the processing of stalled forks in the rDNA since deletion of *reb1*^+^ in *S.pombe* (similar to *FOB1* in *S.cerevisae*) partially suppresses the *rqh1*^−^ deficient phenotype, including HU sensitivity ([@b46]). Furthermore, acute synthetic lethality of *rqh1*^−^ and *slx1*^−^ or *slx4*^−^ mutations have also been reported, which lends support to the notion that the redundancy between RecQ helicases and Slx1--Slx4 is conserved between the two highly divergent yeast and strengthen the likelihood that this might also be the case in higher eukaryotic organisms ([@b84]).

SUMMARY
=======

RecQ helicases are evolutionarily conserved from bacteria to man but the number of RecQ family members present in each organism differs. The individual RecQ helicases in humans appear to be involved exclusively in certain cellular processes based on the different clinical phenotypes associated with the human diseases. Some of the diversity of RecQ functions is certainly related to the complexity of multicellular organisms, however disruptions in these helicases across different species show two consistent features: elevated levels of HR and genomic instability. These specific RecQ-deficient phenotypes suggest that certain roles are evolutionarily conserved and likely carried out by one RecQ helicase in budding yeast and *E.coli*. We propose that the inherent genomic instability stemming from hyper-recombination during DNA replication is a dominant phenotype in RecQ helicase deficient cells. We have described how RecQ helicases in model organisms can contribute to the maintenance of genomic integrity through more than one cellular mechanism. For example, in budding yeast Sgs1 functions on at least two pathways when replication is blocked, one contributes to the checkpoint response by binding Rad53, and helping mediate its activation. This function does not require its helicase activity, Top3 or Rad51. Sgs1 also contributes to the stabilization of DNA polymerases at stalled forks and resumption of replication. This function does require Top3 interaction and is epistatic to Rad51. These various functions of RecQ helicases protect against replication fork demise by both preventing fork breakdown and restoring productive DNA synthesis after blocks and lesions are encountered and underscore the connection between genomic stability and these processes.
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![Members of the RecQ family of DNA helicases from *E.coli, S.cerevisiae, S.pombe, C.elegans, X.laevis* and *H.sapiens.* The size of each protein in amino acids is shown on the right and the regions corresponding to the helicase domain, and conserved regions RQC and HRDC are indicated and shown in the key below the figure. The NLS and exonuclease regions unique to the mammalian orthologs are also indicated.](gkl557f1){#fig1}

![During an HU block the Sgs1--Top3 complex functions to maintain DNA polymerase association at replication forks. (**A**) In wild-type cells the polymerases are maintained at stalled forks. (**B**) In the absence of Sgs1 helicase activity both DNA polymerase α and ɛ association with stalled forks is defective. Sgs1--Top3 could function to prevent or resolve the 'chickenfoot' structure (**C**) and/or favor DNA polymerase α and ɛ association through interaction with RPA (**D**), allowing for the resumption of DNA replication after the block is removed (**E**).](gkl557f2){#fig2}

![Pathways where Sgs1--Top3 function to process collapsed or stalled replication forks. (**A**) When a replication fork approaches a lesion (red circle) in the DNA a single-stranded gap forms and replication fork collapse may occur. This allows Rad51-dependent D-loop formation to initiate a recombination event via Holliday Junction (HJ) formation. The HJ may be processed in three ways. \[1\] The invading strand can be disrupted by the Srs2 helicase as part of the SDSA pathway leading to gene conversion without crossover events. \[2\] The Sgs1--Top3 complex can work in a dissolution pathway, where Sgs1 first promotes branch migration on the formed dHJ substrate. The single-stranded interlinked DNA is subsequent decatenated by Top3 resulting in gene conversion without crossover events. \[3\] Finally endonucleases such as Mus81--Mms4 may process the dHJ by two subsequent cleavage reactions. This will generate gene conversion products either with, or without an associated crossover event. Note that in the absence of Rrm3 more stalled replication forks will be generated. (**B**) When replication forks converge and stall at the rDNA, Sgs1--Top3 may allow DNA replication to finish by a DNA polymerase fill in reaction after separating the parental strands of the DNA template. In the absence of Sgs1--Top3, Slx1--Slx4 may cleave at each replication fork thereby creating a double nicked chromatid and a broken sister chromatid. The DSB can be repaired by a *RAD52*-independent single-strand annealing pathway at the rDNA.](gkl557f3){#fig3}

###### 

Phenotypes associated with mutations in the following RecQ helicases

  Feature                         *S.cerevisiae*                                    *S.pombe*                                            *C.elegans*                                          *H.sapiens*                                                          
  ------------------------------- ------------------------------------------------- ---------------------------------------------------- ---------------------------------------------------- -------------------------------------------------------------------- --------------------------------------------------------------------------
  Replication defects             Sensitive to HU/defects in rDNA                   Hypersensitive to HU/defects in rDNA                 HU induced and germ line defects                     Abnormal replication intermediates, retarded fork progression        Abnormal replication intermediates, sensitive to S-phase specific agents
  DNA damage response             No UV sensitivity, S-phase checkpoint defect      UV sensitive, defects spindle checkpoint dependent   IR sensitivity, S-phase checkpoint defect            No sensitivity to UV                                                 No sensitivity to UV
  Aging phenotype                 Reduced lifespan                                                                                       Reduced lifespan                                                                                                          Reduced lifespan/telomere shortening
  Source of genomic instability   Replication fork associated hyper-recombination   Replication fork associated hyper-recombination      Mutator phenotype: random insertions and deletions   Chromosome breakage and rearrangements; sister chromatid exchanges   Variegated translocation mosaicism, deletions
